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Topological nodal-line semimetals support protected band crossings which form nodal lines or
nodal loops between the valence and conduction bands and exhibit novel transport phenomena.
Here we address the topological state of the nodal-line semimetal candidate material, CaCdSn,
and report magnetotransport properties of its single crystals grown by the self-flux method. Our
first-principles calculations show that the electronic structure of CaCdSn harbors a single nodal
loop around the Γ point in the absence of spin-orbit coupling (SOC) effects. The nodal crossings
in CaCdSn are found to lie above the Fermi level and yield a Fermi surface that consists of both
electron and hole pockets. CaCdSn exhibits high mobility (µ ≈ 3.44×104 cm2V−1s−1) and displays
a field-induced metal-semiconductor like crossover with a plateau in resistivity at low temperature.
We observe an extremely large and quasilinear non-saturating transverse as well as longitudinal
magnetoresistance (MR) at low temperatures (≈ 7.44 × 103% and ≈ 1.71 × 103%, respectively, at
4K). We also briefly discuss possible reasons behind such a large quasilinear magnetoresistance and
its connection with the nontrivial band structure of CaCdSn.
I. INTRODUCTION
Topological semimetals are drawing intense current in-
terest as platforms for transformational fundamental sci-
ence studies as well as their potential for next-generation
technological applications [1–3]. These semimetals ex-
hibit symmetry-protected band crossings between the va-
lence and conduction states and present unique responses
to applied electric and magnetic fields. Their transport
properties include a high carrier mobility, an extremely
large and linear magnetoresistance (MR), and a chiral-
anomaly-induced negative longitudinal MR [4–7]. De-
pending on their band crossings, topological semimetals
are classified into Dirac, Weyl, and nodal-line semimetals.
While the Dirac (Weyl) semimetals support a discrete
number of degenerate zero-dimensional (0D) k points in
the Brillouin zone (BZ), nodal-line semimetals (NLSMs)
possess extended band-touching points that result in
the formation of protected one-dimensional (1D) lines
or loops in the BZ [8–15]. Despite the experimental
realization of a variety of topological semimetals [4–
8, 10, 12, 16–18], the choice of currently available ma-
terials remains limited. There is thus an urgent need to
find new topological semimetals and explore their unique
properties.
In this connection, magnetotransport experiments
have emerged as a powerful probe for obtaining a han-
dle on the nature of electronic states in topological ma-
terials [19–26]. An extremely large MR has been re-
ported in topological materials at high magnetic fields
and low temperatures [5, 27–35]. The physical origin
of such a large non-saturating and linear MR include:
(i) semiclassical transport in charge-compensated metals
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and semimetals [24, 36, 37]; (ii) disorder-induced mo-
bility fluctuations[38]; (iii) unusual electron trajectories
in weakly disordered systems [39]; and (iv) magneto-
transport in the extreme quantum limit in the presence
of small Fermi surface pockets [40–43]. This clearly indi-
cates that material specific analysis of the physical and
electronic properties of materials is required to under-
stand the observation of extremely large MR.
In this paper, we discuss topological electronic state
and magnetotransport properties of the topological
nodal-line semimetal candidate material CaCdSn. Our
systematic first-principles calculations demonstrate that
CaCdSn is a nodal-line semimetal that supports a single
nodal-loop centered around the Γ point in the BZ. In-
terestingly, the nodal lines are located above the Fermi
level and yield a large hole pocket and two small electrons
pockets at the Fermi level. Our magnetotransport mea-
surements were carried out on high-quality single crystals
under low-temperature/high-field conditions and reveal
that CaCdSn possesses an extremely large non-saturating
MR (> 103%). We also observe a hole-dominated linear
Hall resistivity, a quasilinear non-saturating MR, and the
absence of quantum oscillations. We discuss a number of
possible mechanisms for realizing the large quasilinear
MR in CaCdSn.
An outline of this paper is as follows. We give details of
experimental and theoretical methodologies in Sec. II. In
Sec. III, we explain the topological state and electronic
properties of CaCdSn. Sections IV and V give experi-
mental analysis of the electrical and magnetotransport
properties of CaCdSn. Discussion and conclusions are
presented in Sec. VI.
II. METHODS
High quality single crystals of CaCdSn were synthe-
sized using cadmium flux. Ca (99.99%, Alfa Aesar), Cd
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FIG. 1. (a) Powder x-ray diffraction pattern of crushed
CaCdSn single crystals, recorded at room temperature. The
observed intensity (red scattered points), Rietveld refinement
fit (solid black line), difference between the experimentally ob-
served and calculated intensities (solid blue line) and Bragg
peak positions (vertical green bars) are shown. (b) Single
crystal x-ray diffraction pattern.
(99.99%, Alfa Aesar) and Sn (99.99%, Alfa Aesar) shots
in molar ratio of 1:47:1 were put in an alumina crucible
before the crucible was sealed into a quartz tube un-
der partial pressure of argon gas. The quartz tube was
heated to 1000◦C, kept for 3 hours at this temperature,
and then cooled to 500◦C at a rate of 3◦C/hour [24, 25].
Needle-like single crystals were extracted from the flux
by centrifuging. The crystal structure was determined
by powder x-ray diffraction (XRD) using Cu-Kα radia-
tion in a PANalytical X′Pert PRO diffractometer. The
phase purity and composition were confirmed via energy-
dispersive x-ray spectroscopy (EDS) measurements in a
JEOL JSM-6010LA scanning electron microscope. Mag-
netotransport measurements were carried out in a physi-
cal property measurement system (PPMS, Quantum De-
sign) via standard four-probe method.
Rietveld refinement of the XRD data yielded a non-
centrosymmetric hexagonal crystal structure with space
group P − 62m (No. 189) and lattice parameters: a =
b = 7.6273(4) A˚ and c = 4.7002(8) A˚. Notably, the Ri-
etveld structural refinement of the power XRD was done
using the FULLPROF software package [44] as shown in
[Fig. 1(a)]. No impurity phase was observed within our
experimental resolution. Crystal axis was determined by
single crystal XRD measurement [Fig. 1(b)]. The EDS
analysis confirms the single-phase nature and almost per-
fect stoichiometry of the grown crystals.
First-principles calculations were performed within
the framework of the density functional theory (DFT)
[45, 46] with the projector augmented wave (PAW) [47]
pseudopotentials, as implemented in the Vienna ab-
initio simulation package (VASP) [48, 49]. The gener-
alized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof parametrization was used to include
exchange-correlation effects. The SOC was considered
self-consistently to include relativistic effects [50].
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FIG. 2. (a) Crystal structure of CaCdSn. The blue dashed
line in the right panel represents the m001 mirror plane. (b)
The bulk Brillouin zone with high-symmetry points and m001
mirror plane. (c) Hall resistivity as a function of the magnetic
field at T=4K (B ⊥ I and I ||c-axis).
III. ELECTRONIC STRUCTURE
Crystal structure of CaCdSn (see Fig. 2(a)) consists
of nine atoms per unit cell in which Ca and Cd oc-
cupy Wyckoff positions 3f and 3g, respectively, and
Sn is located at Wyckoff positions 2d and 1a. Crys-
tal symmetries include a three-fold rotational axis (C3z)
and a horizontal mirror plane m001 similar to the other
known nodal-line semimetals CaAgAs, CaCdGe and
YbCdGe[12, 24, 25]. Additionally, CaCdSn respects
time-reversal symmetry T but breaks inversion symme-
try I.
Bulk band structure of CaCdSn along the high-
symmetry directions without spin-orbit coupling (SOC)
is shown in Fig. 3(a). It is readily seen that both the
valence and conduction bands cross the Fermi level, indi-
cating the semimetallic nature of CaCdSn. Interestingly,
the valence and conduction bands cross each other on
the m001 mirror plane at 0.13 eV along the Γ −M line
and at 0.11 eV along the Γ−K direction [see Fig. 3(b)].
These crossing bands which are primarily composed of
Sn p and Ca d states, present an inverted band struc-
ture at the Γ point and belong to E′ and A′′2 irreducible
representations (IRR) with m001 mirror eigenvalues +1
and −1, respectively. The opposite mirror eigenvalues
make these band crossings stable and enforce the forma-
tion of a nodal loop on the kz = 0 plane as shown in
Fig. 3(c). With the inclusion of SOC in the computa-
tions, the band hybridization opens a local bandgap at
the crossing points [Figs. 3(d) and 3(e)] and the system
makes a transition to a nontrivial state with the Z2 topo-
logical indices (ν0; ν1ν2ν3) = (1; 000). The nonzero value
of the strong topological index (ν0) is a clear manifesta-
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FIG. 3. Nodal-line semimetal state of CaCdSn. (a) Bulk band structure without spin-orbit coupling (SOC) along the various
high-symmetry directions in the Brillouin zone (BZ). (b) A closeup of the bands in the kz = 0 plane. The color and size of
various markers denote the orbital contribution of Sn−p and Ca−d states to various bands. (c) Energy-momentum dispersion
of the nodal loop on the kx − ky plane (E − kx − ky). (d)-(e) Same as (a)-(b) but with the inclusion of SOC. (f) Fermi surface
with the electron (yellow) and hole (green) pockets.
tion of nontrivial topology in this system [51].
Although CaCdSn is topologically nontrivial with an
inverted band structure around the Γ point, it supports
electron and hole pockets at the Fermi level as illustrated
in Fig. 3(f). We find three pockets including a large hole
pocket around Γ and two electron pockets around K and
in the kz = pi/c plane. The kz = pi/c is hollow from the
center as shown in the right panel of Fig. 3(f). These
Fermi pockets which govern magnetotransport, provide
a fermiology in CaCdSn that is different from that of its
iso-structural cousins CaAgAs and CaCdGe that host an
equal number of electron and hole pockets [24].
IV. MOBILITY AND RESISTIVITY
We now turn to discuss our experimental results on
CaCdSn. To determine the charge-carrier density and
mobility, we measured the magnetic field dependent Hall
resistivity (ρyx) at 4K [see Fig. 2(c)]. The MR contri-
bution can be removed by symmetrizing the Hall data:
ρyx = [ρyx(B) − ρyx(−B)]/2. The positive and linear
ρyx indicates that the hole carriers dominate in CaCdSn.
This result is somewhat surprising, since our calculated
Fermi surface contains both electron and hole pockets.
The linear fit to the ρyx data yields a Hall coefficient of
RH = 2.1 µΩ-cm T
−1. The density of the hole carriers is
estimated to be nh = 1/(eRH) = 2.98× 10
20 cm−3, and
the Hall mobility to be µh = RH/ρ(B=0) = 3.44 × 10
4
cm2V−1s−1. Although this carrier density is signifi-
cantly higher than that of typical Dirac/Weyl semimetals
(n ≈ 1017 − 1018 cm−3) [20, 52], it is of the same order
of magnitude as that reported in a number of nodal-line
semimetals [24, 25, 53, 54].
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FIG. 4. (a) Resistivity as a function of temperature for mag-
netic field up to 12T. (b) Tm and Ti as a function of B; inset
shows the first derivative of resistivity with temperature as a
function of T for B=9T. (B ⊥ I and I ||c-axis).
The measured resistivity of CaCdSn as a function of
temperature for various magnetic field values is shown in
Fig. 4(a). The resistivity decreases as we lower the tem-
perature and finally shows a saturation below 8K with
a low residual resistivity of ρ = 0.6 µΩ-cm (see inset of
Fig. 4(a)). This leads to a high residual resistivity ratio
(RRR) of 114, which indicates the high quality of our
single crystals. In the presence of a magnetic field, the
ρ − T curves in Fig. 4(a) show a metal-semiconductor-
4like crossover which becomes more noticeable as B is
increased from 3T to 12T. These features are observed
in many topological semimetals [13, 15, 25, 29, 31, 55–
60]. The upturn in the resistivity at low temperature is
a consequence of field induced corrections to resistivity
in topological materials, which become more prominent
at high magnetic field [37].
From the first derivative of ρ(T ), we obtain two char-
acteristic temperatures - the minimum of the dρ/dT
curve (Ti) and the temperature associated with the
crossover point dρ/dT = 0 (Tm) as noted in the inset
of Fig. 4(b). Here, Tm marks the temperature associated
with the metal-semiconductor-like crossover whereas Ti
corresponds to the inflection point in resistivity where
dρ/dT is minimum. The residual resistivity plateaus ap-
pear just below Ti. The variation of Tm and Ti with
magnetic field is shown in Fig. 4(b).
V. MAGNETORESISTANCE
Magnetic field dependence of transverse MR (B ⊥ I)
at different temperatures is shown in Fig. 5(a). At low
temperature (T = 4K), CaCdSn shows an extremely
large transverse MR of 7.44 × 103% without any sign
of saturation even at high magnetic fields as large as
B = 12T. A similar large transverse MR has also been
reported in isostructural topological semimetals RCdGe
(R=Ca,Yb)[24, 25] as well as other topological semimet-
als [19–23]. The transverse MR decreases significantly
with increasing temperature, reaching a low value of
13% at 100K and 12T [inset of Fig. 5(a)]. Figure
5(b) shows the variation of MR with angle (θ) between
the current and magnetic field at 4K. Interestingly, the
MR does not vary much with θ and we obtain a posi-
tive, non-saturating and large longitudinal MR (B||I) of
1.71× 103%, similar to that reported in WTe2[61].
In order to determine the power-law dependence of MR
i.e. MR ∝ Bm, we plot the field dependence of MR on
a log scale in Fig. 5(c). A quasi-linear behavior is ob-
served with m ∼ 1.13− 1.16 at various temperatures. To
understand whether classical methods account for such
an MR, we consider well-known Kohler’s rule, i.e. MR =
α(B/ρ0)
m, where α is a constant. The MR as a function
of B/ρ0 is shown in Fig. 5(d) at various temperatures.
Clearly, the MR at different temperatures is not merg-
ing into a single curve as required by the Kohler’s rule,
suggesting its violation in CaCdSn. There would be sev-
eral reasons for such behavior including the existence of
multiple pockets in the Fermi surface[13, 62–64], differ-
ences in scattering rates of various carriers, among other
possibilities[65].
VI. DISCUSSION AND CONCLUSION
We now discuss viable reasons for observing a large
quasilinear MR in CaCdSn. A classical theory based
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FIG. 5. (a) Magnetic field dependent magnetoresistance
(MR) for CaCdSn at T = 4K, 10K, and 20K (B ⊥ I and
I ||c-axis). The inset shows MR at 50K and 100K. (b) MR
as a function of the applied magnetic field at various angles θ
between B and I at 4K. The presence of a finite longitudinal
MR at θ = 0 rules out its semiclassical origin. (c) MR as a
function of B on a log scale for various temperatures. All the
curves show quasilinear behavior of MR with applied field B
such that MR ∝ Bm with m ∼ 1.13− 1.16. (d) Kohler’s plot
of transverse MR.
on disorder-induced mobility fluctuation has been used
to explain linear MR in several topological and non-
topological materials, where the multiple scattering of
high mobility carriers generate a drift velocity by low
mobility islands perpendicular to the electronic cycloidal
trajectories in an applied electric field [20, 26, 66]. In this
mechanism, the linear crossover magnetic field (Bc) and
the amplitude of MR scale with mobility as Bc ∝ 1/µ
and MR ∝ µ, respectively [38, 67]. However, the ab-
sence of linear crossover field and the high quality of
our single crystals with large RRR value rules out this
mechanism. Abrikosov’s quantum theory can account
for large linear MR in materials with linearly disper-
sive bands where the charge carriers are confined to the
lowest Landau level[42]. However, the quantum limits
dictate that n ≪ (eBc/~c)
3/2 and T ≪ (eBc~/m
∗c),
where n and m∗ are the carrier density and effective
mass, respectively[40–42]. This yields a critical field Bc
of around 300T with n = 2.98 × 1020 cm−3. Since we
observe quasilinear MR at very low magnetic field and
find large Fermi pockets, the applicability of this method
is also unlikely. A large nonsaturating linear MR has
been recently observed in system with open Fermi sur-
faces [68] and in charge/spin density wave materials with
sharp edge Fermi surfaces [69]. However, the absence of
such Fermi surfaces in CaCdSn negates this scenario.
5The large linear MR was recently reported in ultrahigh
mobility samples of topological Dirac semimetal Cd3As2
where it was attributed to the magnetic field induced
change in the Fermi surface[70]. A similar MR has been
observed in CaAgAs and YbCdGe which are isostructural
to CaCdSn[24, 25]. Since CaCdSn hosts nontrivial band
structure with trivial and nontrivial Fermi surface pock-
ets and high mobility charge carriers similar to YbCdGe,
the nontrivial band structure of CaCdSn may be respon-
sible for the large quasilinear MR. However, to exactly
pin down the mechanism responsible for large quasilin-
ear MR, thickness-dependent transport studies might be
helpful in a manner similar to the topological insulators
[71]. However, this is a demanding task requiring further
carefully planned investigations.
In summary, we have explored the nature of the topo-
logical nodal-line semimetal state of CaCdSn via its mag-
netotransport properties measured on high-quality sin-
gle crystals. The nodal band-crossings in CaCdSn lie
above the Fermi level and yield a Fermi surface which
consists of a large hole pocket and two small electron
pockets. This unique Fermiology appears to drive in-
teresting magnetotransport properties. A field induced
metal-semiconductor-like crossover and a plateau in re-
sistivity are observed at low temperatures. Transport
in CaCdSn is dominated by hole carriers with high mo-
bility. The large nonsaturating quasilinear MR we have
observed in CaCdSn is similar to that seen in other topo-
logical semimetals, but its mechanism is not clear.
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